N-methyl-D-aspartate receptor (NMDAR) encephalitis is an autoimmune neurological disease, diagnosed by a specific autoantibody against NMDAR. Antibody testing using commercially available cell-based assays (CBA) or immunohistochemistry on rat brain tissue has proven high specificity and sensitivity. Here we compare an immunofluorescence live CBA to a flow cytometry (FACS) based assay to detect NMDAR antibodies by their binding to the surface of HEK293A cells functionally expressing NMDAR. Both assays were first established using a discovery group of 76 individuals and then validated in a group of 32 patients in a blinded manner. In the CBA, 23 of 23 patients with NMDAR encephalitis were positive for NMDAR antibodies and 0 of 85 controls (32 healthy controls and 53 patients with other neurological diseases), resulting in a sensitivity and specificity of 100% (95% confidence intervals (CI) 85.1-100.0 and 95.7-100.0, respectively). The FACS based assay detected NMDAR antibodies in 20 of 23 patients and in 0 of 85 controls. Therefore, with an equally high specificity (95% CI 95.7-100.0) the sensitivity of the FACS based assay was 87% (95% CI 66.4-97.2). Comparing antibody titers from CBA with delta median fluorescence intensities from FACS showed a high concordance (kappa = 0.943, p<0.0001) and correlation (r = 0.697, p<0.0001). In conclusion, evaluation of the FACS based assay revealed a lower sensitivity and high inter-assay variation, making the CBA a more reliable detection method.
Introduction
With the identification of antibodies against N-methyl-D-aspartate receptors (NMDAR) a new subgroup of autoimmune encephalitis was described in 2007 [1] . The association of prominent psychiatric symptoms in the context of severe encephalitis and an underlying ovarian teratoma initially facilitated the discovery of this disorder [1, 2] . A majority of patients are female and the disease often occurs in childhood or early adolescence [3, 4] . In adults, symptoms are initially psychiatric with insomnia and agitation, followed by dyskinesias, seizures, memory deficits, speech problems and a decrease in the level of consciousness often leading to autonomic instabilities [5] [6] [7] . In children, the first symptoms are often seizures or dyskinesias, subsequently progressing to develop the other components of the syndrome. Immunotherapy is effective in most patients, limiting the frequency of relapses and lethality [4] . After the first description of NMDAR antibodies, patients initially presenting with encephalitic and epileptic symptoms of unknown origin became more frequently diagnosed with NMDAR encephalitis [3, 4, [8] [9] [10] [11] [12] [13] [14] . The gold standard for the detection of disease specific NMDAR antibodies, which is crucial for the diagnosis of NMDAR encephalitis, comprises testing the immunoreactive binding of serum and cerebrospinal fluid (CSF) samples to fixed and permeabilized NMDAR transfected cells (fixed cell-based assay [CBA] ) and immunohistochemistry of frozen sections of rat brain optimized for the detection of antibodies against cell surface or synaptic proteins [5, 15] . Alternatively, CBA using live cells with subsequent fixation can be used to detect autoantibodies against NMDAR [7] , although the live CBA was suggested to have a lower sensitivity compared to the fixed CBA [16] .
NMDAR are heterotetramers composed of three different NMDAR subunits (NR1-3). Whereas NR1 is ubiquitously present and required for expression of functional NMDAR on the cell surface, distinct NR2(A-D) and NR3(A, B) subunits assemble with NR1 [17] . Hippocampal NMDAR are predominantly composed of NR1 in combination with NR2A and/or NR2B, with an age-dependent shift from NR2B to NR2A [18] . It is now well established that antibodies from NMDAR encephalitis patients are of the immunoglobulin G (IgG) subclass and react with an N-terminal epitope on the NR1 subunit. The binding to NR1 depends on the conformation of the antigen using either live or fixed NMDAR expressing cells, with or without the presence of NR2 subunits [5, 16, 19] .
In the present study we compare another live CBA using HEK293A cells expressing NR1/ NR2A/NR2B containing functional NMDAR followed by microscopic analysis to a flow cytometry (FACS) based analysis of the test, since the evaluation of cell surface staining by fluorescence microscopy is strongly dependent on the experience of the investigators. Furthermore, a FACS based analysis to detect antibodies to surface antigens would enable quantification of antibody levels over time and also to precisely calculate intrathecal synthesis of the antibodies in those diseases. To assess diagnostic accuracy we evaluate the performance of the two detection methods used.
Materials and Methods

Patients
Serum samples from patients and controls were collected in the Clinical Department of Neurology Innsbruck and the Hospital Clínic Barcelona between 2005 and 2013, and stored at -80°C until use. The discovery group (76 individuals from Innsbruck) consisted of seven patients with NMDAR encephalitis, 37 neurological controls (multiple sclerosis n = 33, clinically isolated syndrome n = 3, viral encephalitis n = 1) and 32 healthy controls. The validation group (32 patients from Barcelona) consisted of 16 patients with NMDAR encephalitis and 16 neurological controls (neuromyelitis optica n = 4, multiple sclerosis n = 1, patients with suspected autoimmune encephalitis, including limbic encephalitis, non-focal encephalitis, encephalomyelitis, cerebellar dysfunction, and one patient with hypophysitis n = 11).
Diagnosis of NMDAR encephalitis was based on clinical assessment (new onset of neuropsychiatric symptoms) and demonstration of antibodies in serum or CSF with at least two assays (CBA with fixed cells and tissue immunohistochemistry) as recommended recently [16] . In the discovery group the clinical diagnosis of NMDAR encephalitis diagnosis was confirmed by the presence of NMDAR antibodies in the serum and CSF of patients. One sample was tested in a diagnostic laboratory (Oxford Neuroimmunology Testing Service, Oxford, UK), two samples were tested in our laboratory using a commercially available certified test kit (Euroimmun AG, Lübeck, Germany), and four samples were tested in both laboratories.
In the blinded validation group from Barcelona diagnosis was confirmed by the research center of neuroimmunology (IDIBAPS, Hospital Clínic, University of Barcelona, Spain) using an in-house CBA and tissue immunohistochemistry in CSF and serum samples. Antibody negativity was proven for all control samples of the validation group. All samples of the validation group were blinded by RH and JD. The demographic data of both groups are shown in Table 1 . The present study was approved by the Ethical Committee of the Medical University of Innsbruck (study numbers AM3041A and AM4059). All patients and controls gave written informed consent to the study protocol. All samples from the Hospital Clínic Barcelona were deposited in the collection of biological samples named "neuroimmunologia" registered in the biobank of IDIBAPS, Barcelona, Spain. Samples were handled in an anonymized way, thus the Comité Ético de Investigación Clínica of Hospital Clínic de Barcelona accepted to waive the specific written informed consent from the patients or next of kin. In order to visualize the colocalization of NMDAR and serum antibodies, cells were grown on angiogenesis μ-slides (ibidi, Martinsried, Germany, Art. No. 81506), transfected with the three NMDAR subunits hGRIN1-EmGFP, hGRIN2A and hGRIN2B-GFP, and incubated with human serum samples as described above with the exception of DAPI staining, which was omitted. Images were obtained with a TCS SP5 confocal laser scanning microscope (Leica).
Flow cytometry based assay (FACS)
HEK293A cells were grown in tissue culture test plates 6 (TPP, Art. No. 92006) at a density of 3 x 10 5 cells per 3 ml per well and transfected with human NMDAR as described above. Unspecific binding of serum antibodies was determined by using HEK293A cells transiently transfected with hCD2-EmGFP fusion protein using hCD2 cDNA cloned into Vivid Colors pcDNA 6.2C-EmGFP-GW/TOPO [20] . Forty-eight hours post transfection cells were detached using trypsin without EDTA (0.25% in PBS; GE Healthcare, Chalfont St Giles, UK, Art. No. L11-002). Cells were incubated with 200 μl trypsin for five minutes at room temperature, resuspended in washing buffer containing 20 μM (+)-MK-801 (Sigma-Aldrich), centrifuged at 500 g for five minutes, and stained as described above with the following modifications: all incubation steps were performed at room temperature with orbital shaking at 200 rpm. Washing steps were performed by repeated centrifugation (3 x) at 500 g for five minutes and resuspension of the pellets. Duplicates of serum samples at a dilution of 1:100 were used at a cell density of 2 Healthy controls and patients with other neurological diseases were used to calculate the cutoff ΔMFI.
Statistical analyses
Statistical analyses were done using IBM SPSS software (release 21.0, IBM, Armonk, NY) or GraphPad Prism 6 (GraphPad, San Diego, CA). Between-group comparisons were performed with Kruskal-Wallis test, Dunn's multiple comparison post-hoc test, Mann-Whitney U test, Fisher's exact test and Chi-square test. Correlation of parameters was analyzed with Spearman's nonparametric correlation. Receiver operating characteristic (ROC) curve analysis was used to determine cut-off ΔMFI (FACS). Kappa statistics was used to assess the concordance between the two testing methods. Statistical significance was defined as two-sided p-value<0.05 and Bonferroni corrections were applied for multiple comparisons when appropriate.
Results
Expression of functional NMDAR
Expression of NMDAR subunits NR1, NR2A and NR2B was verified by staining with antibodies specific for the respective subunit (S1 Fig). We found an optimal distribution of each subunit by using a molar ratio of NR1-EmGFP:2A:2B-GFP of 3:1:1. The overall transfection efficiencies as detected by flow cytometry were 84±7% and 93±6% for NMDAR-(Em)GFP and CD2-EmGFP, respectively. Survival and transfection rates of NMDAR overexpressing cells increased in a dose-dependent manner in the presence of the uncompetitive NMDAR antagonist (+)-MK-801, indicating the presence of functional NMDAR (S2 Fig) .
Detection of NMDAR antibodies in the discovery group Fig 1 shows the typical antigen distribution of HEK293A cells overexpressing NMDAR tagged with green fluorescent proteins and the staining pattern with serum IgG of an NMDAR encephalitis patient at low magnification and higher magnification using a confocal microscope. It clearly shows the colocalization of membrane-associated NMDAR with serum antibodies of the patient but no colocalization with intracellular NMDAR probably residing within the endoplasmic reticulum (Fig 1B) . Internalization of NMDAR in response to antibody binding observed in some but not all cells in the live CBA is shown in Fig 1C .
With the CBA, in the discovery group NMDAR antibodies were detected in 7/7 (100%) patients with NMDAR encephalitis, 0/37 (0%) neurological controls and 0/32 (0%) healthy controls (Table 1) . Sensitivity and specificity of the CBA were 100% (95% confidence intervals (CI) 59.0-100.0 and 94.8-100.0, respectively). Antibody titers in NMDAR encephalitis patients ranged from 1:640 to 1:20,480 (median 1:1,280) (Fig 2A) .
For the FACS based assay, gating and analysis strategy for NMDAR-(Em)GFP and CD2-EmGFP expressing cells is shown in Fig 3. In the discovery group the ΔMFI was significantly higher in NMDAR patients (median 74,938, range 7,681 to 237,432) compared to neurological controls (median -401, range -16,158 to 16,646) and healthy controls (median 1,076, range -6,701 to 16,269; Fig 2B) . Using ROC analysis a cut-off ΔMFI value of 20,700 was determined (area under the curve 0.988, p<0.0001). NMDAR antibodies were detected in 6/7 (86%) NMDAR encephalitis patients, 0/37 (0%) neurological and 0/32 (0%) healthy controls (Table 1) . Therefore, with a specificity of 100% (95% CI 94.8-100.0) the FACS based assay had a sensitivity of 86% (95% CI 42.1-99.6). Intra-and inter-assay variations (coefficient of variation) were 6% and 22-25%, respectively.
Detection of NMDAR antibodies in the validation group
In a next step the CBA was applied to 32 blinded samples of the validation group from Barcelona. All 16 patients with NMDAR encephalitis were positive for NMDAR antibodies and all 16 neurological controls were seronegative (Table 1) . Antibody titers in NMDAR encephalitis patients ranged from 1:80 to 1:2,560 (median 1:640) (Fig 4A) . Thus, the sensitivity and specificity of the CBA of 100% were confirmed in these blinded samples (95% CI 79.4-100.0).
Likewise, the FACS assay was applied to 32 blinded samples of the validation group from Barcelona. 14/16 patients with NMDAR encephalitis (87%) were positive for NMDAR antibodies using the cut-off value determined in the discovery group and all 16 neurological controls were seronegative ( Table 1 ). The ΔMFI was significantly higher in NMDAR patients (median 59,085, range 5,784 to 213,910) compared to neurological controls (median -1,239, range -3,751 to 2,169, Fig 4B) . Thus, the sensitivity and specificity of the FACS assay were 
Comparison of CBA and FACS
The concordance kappa value between CBA and FACS was 0.943 (p<0.0001). 85 samples were seronegative and 20 samples were seropositive with both methods. Three samples were seropositive in the CBA, but seronegative in the FACS assay. Correlation of antibody titers of the CBA with ΔMFI obtained by FACS based analysis was 0.697 (Spearman's ρ; p<0.0001; Fig 5) .
To elucidate why three positive samples could not be detected in the FACS assay, we com- Repeat FACS analysis of a subsample using a lower serum dilution
Aiming to increase the sensitivity by using a lower serum dilution, we reanalyzed 21 samples, including nine positive (six and three from the discovery and validation group, respectively) and 12 negative (each six healthy and neurological controls from the discovery group) for NMDAR antibodies, and compared the previously used 1:100 dilution to a dilution of 1:20. For this comparison, we focused on samples that were false negative or close to the cut-off value during the initial antibody testing with the FACS assay. Using either dilution 8/9 (89%) NMDAR antibody positive and 0/12 (0%) antibody negative samples were detected by the FACS assay. Sensitivity and specificity of both dilutions were therefore comparable to previously obtained results. Interestingly, the cut-off ΔMFI was lower with this set of experiments using the 1:100 dilution compared to previously obtained results (Fig 6) , underlining the high interassay variation of the FACS based assay. Correlation of ΔMFI at both dilutions was 0.9558 (Spearman's ρ; p<0.0001; Fig 6B) .
Analysis of the re-evaluation group further demonstrated the high variability of the testing system. The inter-assay variation after including new data from the re-evaluation group increased considerably with coefficients of variation of up to 36%. The variability was not correlated with CBA titers (R = 0.3024; Spearman's ρ; p = 0.4306; S6 Fig) .
Discussion
Although NMDAR encephalitis is considered a rare disease, there is an increasing number of studies identifying this disorder [6, 8, [11] [12] [13] [14] . The exact frequency is unknown, but several recent studies with large series of patients [4, 6] and studies focusing on the causes of encephalitis [21, 22] suggest this disorder to be the second most common autoimmune encephalitis after acute disseminated encephalomyelitis, and at some institutions it is more frequent than any encephalitis of viral origin in young patients. Therefore, this form of encephalitis is likely to be underdiagnosed, and there is an increasing need for the availability of antibody testing.
In the present study we compared a live CBA with FACS based analysis to detect serum autoantibodies binding to NMDAR. Sensitivities were high in both testing methods, although we found a higher sensitivity in the CBA (100%) compared to the FACS based analysis (87%). Using a lower serum dilution did not increase the sensitivity of the FACS assay and revealed that the cut-off ΔMFI was variable in a different batch of experiments, further demonstrating a high inter-assay variation. Whereas some samples yielded reproducibly low (and others high) results, even when comparing results from different batches of experiments, others showed a very high inter-assay variability, suggesting that trypsinization might destroy the epitope recognized by some sera but not others. In general, although the inter-assay variation was already high when using the same batch of cells for analysis, it further increased (25 to 36%) when including the same samples analyzed with another batch of cells used for transfection. It is therefore recommended to set a new ΔMFI in every experiment for future attempts to improve a FACS based analysis for detection of surface antigens, which can be a logistical challenge. In our analysis this became even more evident, when two sera that were false negative in the original analysis would have been positive in the second. Consequently, by regularly setting new cut-offs, the sensitivity could possibly be improved, but as one sample was still missed, the CBA would still have yielded a better sensitivity.
False negative samples showed already low NMDAR specific signals rather than high background fluorescence. Although overall we observed a high correlation between CBA titers and ΔMFI, false negative samples did not necessarily have a low titer in the CBA. Therefore it is not likely that the fluorescence signal is too weak to be detected by the flow cytometer. Rather, cells expressing fluorescently labeled NMDAR but partly retaining the receptors intracellularly might accumulate and decrease the relative number of cells expressing NMDAR on their surface, leading to a low signal of surface bound IgG, resulting in the observed lower sensitivity compared to the CBA. As can be seen in visual inspections, the frequency of cells expressing NMDAR on the surface varies, which could also be a source of high inter-assay variation in the FACS based assay. The use of fixed and permeabilized cells would make intracellular epitopes accessible, but then it is not possible to exclude dead cells any more, which could lead to unspecific binding, possibly resulting in a lower specificity.
Both methods are based on the expression of functional NMDAR in HEK293A cells, differing only in the detection of secondary antibody signals. A FACS based analysis would have several advantages. Signal strength correlates with antibody titers and is therefore a quantitative method without the need for analyzing serial dilutions. In contrast to CBA, FACS based analysis does not rely on the experience of the investigators. Furthermore, once a sample has been analyzed, original data can always be reevaluated. However, since the sensitivity of the FACS based analysis was lower (87%), and the inter-assay variation was high, this method is currently not reliable for routine antibody testing. Moreover, FACS based analysis has limitations for the study of CSF samples, which in some patients is crucial for antibody detection. Future studies to improve sensitivity and reproducibility of the FACS based analysis should aim to use nonadherent cells to avoid differential destruction of epitopes by trypsinization. A further challenge will be to adjust cut-offs in every new experiment, e.g. by using internal reference samples or by readjusting the cut-off in every experiment using control sera.
Hippocampal NMDAR form tetramers with two NR1 and two NR2 subunits, with an agedependent shift from NR2B to NR2A [18] . In contrast to existing testing methods using either transfected cells with only NR1 [23, 24] or in combination with NR2B [7, 16] we used NMDAR containing both NR2A and NR2B, aiming to increase the density of functional NMDAR expressed on the surface of HEK293A cells and not to miss any NMDAR antibodies due to age-dependent changes in subunit composition. NMDAR encephalitis is associated with antibodies recognizing a well-defined epitope on the extracellular region of the NR1 subunit of NMDAR [5, 16, 19] . In contrast, antibodies to the NR2A or NR2B subunits react with a linear epitope and their significance is unclear. In our testing methods, we used live cells expressing functional NMDAR without disruption of the native conformation. Since NR2A and NR2B cannot be expressed on the cell surface without the presence of NR1 [25, 26] , we did not find any antibodies recognizing either NR2A or NR2B alone with this setting, neither in NMDAR encephalitis patients nor in controls. Moreover, with our assay we were able to avoid unspecific antibody binding to dead cells. This is not possible in assays where cells are fixed before [5, 15] or after [7, 16] serum (or CSF) incubation as it is done in other labs. In contrast to others that used NMDAR and EGFP co-transfected cells [7] we used NMDAR subunits directly fused to EmGFP (NR1) or GFP (NR2B) for transfection of cells, which enabled us to truly colocalize NMDAR with bound antibodies. Through the combination of using live cells and NMDAR directly linked to a fluorophore we could even visualize the internalization of NMDAR which is known to occur in response to NMDAR antibodies by applying patients' antibodies to cultured neurons [27] or by intraventricular infusion of patients' antibodies into mice [28] . And finally, to our knowledge this is the first live CBA that includes protection of the cells by (+)-MK-801 against excitotoxicity throughout the staining procedure, which we found is crucial for not losing living cells that bind NMDAR antibodies to their surface, particularly in the FACS based assay. This might also explain the discrepancy in sensitivity of our test compared to a lower sensitivity in live CBA found by others [16] .
In the present study we focused on the establishment of serologic antibody testing methods since the availability of CSF was limited, the collection of CSF is invasive, and serum testing often produces more background than CSF testing. A study investigating the largest known cohort of NMDAR encephalitis patients [4] found a better correlation of CSF antibody titer with disease activity, and CSF was suggested to be more sensitive than serum [29] . Future investigations should aim to optimize the FACS based analysis to provide more reliable results, even when only low CSF volumes are available.
Controversial data exist regarding NMDAR antibody levels in serum and their clinical relevance [30] , further underlined by a recent study using a live CBA with fixation after serum incubation that showed serum positivity in 23% of patients with an unlikely autoimmune syndrome, as well as CSF negativity in some cases considered with definite NMDAR encephalitis [31] . In contrast to their live CBA, here we used endpoint titration instead of a visual scoring system. Furthermore, we found that protection of the NMDAR overexpressing cells is necessary throughout the assay to assure their survival, which is of particular importance when assessing undiluted CSF. One limitation of our assay is that we used only sera of NMDAR encephalitis patients that had a definite clinical diagnosis partly based on their seropositivity to assess specificity and sensitivity. This limitation is in part caused by the fact that using previously established criteria that confer high specificity and sensitivity [16] , some of the authors (RH and JD) never encountered patients with NMDAR encephalitis without antibodies in the CSF, or patients with serum NMDAR antibodies and an unlikely autoimmune disorder. It is therefore even more important to launch a multicenter study to compare results of different laboratories that conduct NMDAR antibody testing.
In conclusion, we compared two highly sensitive serologic testing methods to detect autoantibodies to NMDAR. In our experience both methods had a high specificity, whereas the sensitivity of the immunofluorescence CBA was higher than that of the FACS assay. This might be especially important for the analysis of CSF antibodies, since they are crucial for the diagnosis of NMDAR encephalitis, and a particularly high sensitivity is needed due to the low amounts of immunoglobulins that can be present in CSF.
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